The phycobiliproteins of the blue-green algae Synechococcus sp. and Aphanocapsa sp. were characterized with respect to homogeneity, isoelectric point, and subunit composition. Each of the biliproteins consisted of two different noncovalently associated subunits, with molecular weights of about 20,000 and 16,000 for phycocyanin, 17,500 and 15,500 for allophycocyanin, and 22,000 and 20,000 for phycoerythrin. Covalently bound chromophore was associated with each subunit.
The phycobiliproteins-phycoerythrin, phycocyanin, and allophycocyanin-function as accessory photosynthetic pigments both in the prokaryotic Cyanophyta and in the eukaryotic Rhodophyta and Cryptophyta (1), a biological distribution that makes them valuable chemical markers for the evolutionist. As a preliminary to more detailed chemical and immunological studies, we have ascertained the subunit structure of all three types of phycobiliproteins isolated from blue-green algae.
When freshly extracted from the cell under nondenaturing conditions, phycocyanin and phycoerythrin exist predominantly as dissociable aggregates of high molecular weight: reported values range from 220,000 to 340,000 (1-5) for phycoerythrin and from 180,000 to 360,000 for phycocyanin (6) (7) (8) (9) . The lowest molecular weight components observed under nondenaturing conditions (assumed to be monomers) are reported to have molecular weights of about 40,000 (10, 11) and 23,000 (11) for phycoerythrin, and about 30,000 for phycocyanin (6, 9, 12) . Kao and Berns (12) have reported the molecular weight of the fundamental subunit of cyanophytan phycocyanins in denaturing solvents to be 30,000. Vaughan (4) has shown that the phycoerythrin of the red alga, Ceramium rubrum, consists of two subunits of molecular weight about 17,000, each carrying chromophore(s). No information is available on the subunit structure of allophycocyanin.
In the present study, the phycobiliproteins of two unicellular blue-green algae, with DNAs differing by about 20 mol% in G + C content, have been characterized with respect to homogeneity, isoelectric point, and subunit composition.
MATERIALS AND METHODS Preparation of phycobiliproteins
The source, culture conditions, and properties of the strains used here have been described elsewhere (13) . Unless otherwise specified, all operations were performed in sodium acetate buffers that contained 1 mM j3-mercaptoethanol at pH 5.5. Washed Synechococcus sp. (strain 6301) cells were suspended in buffer (1 g wet weight per 10 ml) and broken in a French pressure cell at 20,000 lb/in2 (1330 atm). The suspension was centrifuged at 20,000 X g for 20 min. The supernatant was decanted, and the pellet was washed exhaustively with buffer.
The pooled supernatants were brought to 60% saturation with (NH4)2SO4 and left at 4°C for 18 hr. The resulting precipitate from 2 g of cells was dissolved in the minimum volume of buffer, dialyzed against 0.05 M buffer, and applied to a 100 X 2.5 cm column of Sephadex G-200. The fractions with the highest A622/A.a0 (phycocyanin) and A652/An2o (allophycocyanin) ratios were pooled. These were concentrated by ultrafiltration with a Diaflo PM-10 membrane (Amicon Corp., Lexington, Mass. Fig. 1, B, 3 ). Isoelectric focussing was performed as described by Wrigley (14) on 11-cm-long gels of 7% acrylamide that contained a mixture of Ampholines (LKB-Produkter AB, Sweden) covering the pH range from 3 to 10. Gradients covering a narrower pH range (e.g., 3-6) were obtained by prolonging the duration of the run up to 9 hr. The electrophoresis of native biliproteins at pH 8.1 on 7.5% acrylamide gels was performed by the method of Davis (15) .
Subunit molecular weight determinations were performed by sodium dodecyl sulfate (SDS)-acrylamide gel electrophoresis, as described by Weber and Osborn (16), on gels containing double the normal amount of cross-linker. The biliproteins were dissociated under the following conditions: (a) 0.1% SDS at pH 7.0, at 24°C for 10 min (no reducing agent was added to the mixture at any point); (b) 1% SDS-1% fmercaptoethanol at pH 7.0, at 37°C for 2 hr; (c) 1% SDS-1% 8-mercaptoethanol at pH 7.0 at 100°C for 5 mim. The three procedures yielded identical results.
Preparation of antisera
The immunizing antigens were stored in 0.2 M sodium acetate buffer, pH 5.5, at 4°C. Prior to use, each protein was diluted into a solution containing methylated bovine serum albumin (17) . Antisera were prepared in male New Zealand white rabbits that were 3 months old. Each animal received a series of four weekly intradermal injections over a period of four weeks, followed after 1 week by one intravenous injection. Material for intradermal injection was emulsified with Freund's adjuvant. RESULTS 
AND DISCUSSION
The phycocyanin and allophycocyanin preparations from Synechococcus gave single bands on acrylamide gel electrophoresis at pH 8.1, and on isoelectric focussing (Table 1 , Fig. 1 ). The spectroscopic properties of these preparations (phycocyanin A622/A280 = 6.1; allophycocyanin A652/A2so = 3.08, A652/A622 = 1.41, at pH 5.5) compare favorably with those previously reported (8, 20) . Molecular weights of 224,000 ± 6,000 and 96,000 + 3,000 were obtained for native phycocyanin and allophycocyanin, respectively, by sedimentation equilibrium (21) over a protein concentration range of 0.4-1.0 mg/ml in 0.2 M sodium acetate-i mM ,B-mercaptoethanol at pH 5.5. There were no indications of heterogeneity. Amino-acid analyses showed that neither protein contained amino sugars. In contrast to phycocyanin, allophycocyanin contained no histidine. Each protein gave a single precipitin band when tested against the homologous antiserum by the Ouchterlony double-diffusion technique; the two proteins showed no cross-reactivity (Fig. 2) . The evidence thus indicates that these phycocyanin and allophycocyanin preparations were homogeneous, and each contained only one species of native fluorescent macromolecule.
After treatment with SDS ( Fig. 1, C) , each protein dissociated into two pigmented subunits, the properties of which are summarized in Table 1 . For phycocyanin, the sum of the subunit molecular weights is in good agreement with that of the lowest molecular weight component reported in preparations of native Synechococcus phycocyanin (6, 9).
Biochemistry: Glazer and Cohen-Bazire The photographs of the gels in B and C were taken after staining with Coomassie brilliant blue and electrophoretic destaining.
With the exception of a colorless, nonfluorescent component seen on SDS-acrylamide gel electrophoresis of its phycocyanin, the phycobiliproteins isolated from Aphanocapsa sp. also apppeared to be pure (Fig. 1 Immunodiffusion experiments with antisera to Synechococcus phycocyanin (P) and allophycocyanin (A).
cruentum (5) . On treatment with SDS, Aphanocapsa phycocyanin dissociated into two different subunits, similar in size and color to those derived from Synechococcus phycocyanin (Fig. 1 , Table 1 ). Aphanocapsa phycoerythrin dissociated into two subunits of slightly different molecular weight, differing in fluorescence properties. The sum of the subunit molecular weights is in excellent agreement with a molecular weight of 40,000 reported for phycoerythrin from Porphyridium cruentum (10) .
Dissociation of Aphanocapsa allophycocyanin gave rise to three components: a, /31, and f2 (Fig. 1, C) . The 
